transport assays with parental strain NUB3621 and mutant strain NUB36500, in which the ORF1 coding segment in the chromosome was interrupted with the cat gene, demonstrated that glnQ and glnH encode proteins that are active in the glutamine transport system in B. stearothermophilus. The inferred promoter for the glnQH operon exhibited a low homology to the -35 and -10 regions of the consensus promoter sequences of BaciUlus subtlis and Escherichia coli genes. In addition, the inferred promoter for the glnQH operon also exhibited a low homology with the consensus promoter sequence deduced from the sequences of the promoters of nine different genes from B. stearothermophilus. Transcription of the glnQH operon was activated in a nitrogen-rich medium at high temperature and inhibited under the same conditions at low temperature. Transcription of the glnQH operon was partially activated in a nitrogen-poor medium at low temperature. The region upstream from glnQ contains sequences that have a low homology with the nitrogen regulator I-binding sequences and the nitrogen-regulated promoters of enteric bacteria. The effect of temperature on the regulation of the glnQH operon is discussed.
Coultate and Sundaram (5) reported that the molar growth yield (49) of a prototrophic strain of Bacillus stearothermophilus progressively decreases at higher growth temperatures. The molar growth yields of this strain appear to be inversely related to the growth rate and high temperature. At higher temperatures, a larger proportion of the glucose carbon remains incompletely utilized in the medium, mostly as acetate, and energy production is uncoupled from respiration (5) . Using another strain of B. stearothermophilus, de Vrij et al. (7) found that the efficiency of energy transduction was decreased at high temperature. Other temperatureinduced alterations of metabolic activities were also reported during growth of other strains of B. stearothermophilus. These include use of alternative catabolic pathways (19) and changes in catabolic repression mechanisms (42) , de novo synthesis of enzymes (42) , and transport of amino acids (7, 42) . In addition, cultures of B. stearothermophilus grown at or higher than their optimal temperature for growth generally reached cell densities that were lower than the cell densities of cultures grown under the same conditions at lower temperatures (56, 62) . Thus, temperature may induce a reversible shift of metabolic activities in some strains of B. stearothermophilus.
We reported that cells of B. stearothermophilus NUB36 subjected to a temperature shift-up or shift-down of 15°C within the normal temperature range of growth enter a transient adaptation period of apparent metabolic instability * Corresponding author. before exponential growth at the new temperature (59) . The de novo synthesis of a unique set of cellular proteins coincides with the transient adaptation period. The synthesis of at least four new proteins (proteins Hi through H4) was detected after a shift to a high temperature, and the synthesis of at least five new proteins (proteins Li through L5) was detected after a shift to a low temperature. To determine whether the H proteins were active in the physiology of growth at high temperature, we cloned and characterized the gene that encodes membrane protein H2. We report here the findings of this study.
MATERIALS AND METHODS
Bacterial strains and plasmids, media, and growth conditions. The bacterial strains and plasmids used in this study are described in Table 1 . B. stearothermophilus cultures were grown in modified Luria-Bertani (LB) medium (4), minimal glucose (MG) medium (4) , and MG medium supplemented with 0.1% Bacto-Casamino Acids (Difco Laboratories, Detroit, Mich.) (MGCA medium). MG medium that did not contain NH4NO3 and nitrilotriacetate (nitrogen-free MG medium) was used in some experiments. Chloramphenicol and tetracycline were used at 10 and 5 ,ug/ml, respectively. When required, MG medium was supplemented with 20 ,ug of L-methionine per ml.
Cells from an overnight LB plate (11 to 14 h at 60°C) were used to inoculate a 300-ml, triple-baffled shake flask containing 20 ml of medium, and the culture was grown for 2 h (LB and MGCA media) or 3 h (MG medium and LB medium containing chloramphenicol and tetracycline) at the appropriate temperature (starter culture). To prepare cultures for protoplast transformation, for
[35S]methionine labeling experiments, and for glutamine transport assays, cells from a starter culture were used to inoculate a 300-ml, triple-baffled nephelometer flask containing 20 ml of LB or MGCA medium. Cultures were grown at 60°C (transformation), at 65°C (pulse-labeling), or at 45 and 65°C (glutamine transport). To prepare cultures for the isolation of chromosomal DNA and cellular RNA, cells from a starter culture were used to inoculate a 500-ml, triplebaffled shake flask containing 100 ml of LB medium (DNA) or MG, MGCA, or LB medium (RNA). The cultures were grown at 60°C (DNA) or at 45 and 65°C (RNA). For the isolation of protein H2, cells from a starter culture were used to inoculate a 2,800-ml, triple-baffled Fernbach flask containing 500 ml of MGCA medium. The culture was grown at 650C.
Starter cultures were grown at the same temperature as experimental cultures. The starting cell density in each experimental culture was 2 x 107 to 3 x 107 CFU/ml, and all the cultures were grown to the mid-exponential phase of growth (1 x 108 to 2 x 108 CFU/ml).
Bacillus subtilis cultures were grown in Bacto-Penassay broth and Bacto-Tryptose Blood Agar Base (Difco). Chloramphenicol and tetracycline were used at S ,ug/ml. Escherichia coli cultures were grown in LB medium (6) . Solid medium contained 1.5% agar and was supplemented with 50 jig of ampicillin per ml, 0.05 mM thiamine, and 0.4 mM methionine as required. For the detection of Lac' colonies, 0.1 ml of 2% 5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside and 0.1 ml of 10 mM isopropyl-,-D-thiogalactopyranoside were spread on the surface of an LB plate and dried for 30 min at 37°C with the cover ajar. B. subtilis and E. coli cultures were grown at 37°C.
Cultures were grown on a gyratory shaker (190 Chromosomal DNA was isolated from B. stearothermophilus by the procedure described by Rodriguez and Tait (43) for the isolation of chromosomal DNA from B. subtilis except that sucrose in the SET buffer was replaced with 10% lactose and the cells were incubated with lysozyme for 10 min at 60°C.
Isolation of RNA. RNA was isolated from E. coli by using the procedure described by Duvall et al. (10) and from B. stearothermophilus by a modification of this procedure. B. stearothermophilus cells were collected by centrifugation and converted to protoplasts (4) . The protoplasts were collected by centrifugation (58) Transformation. Protoplasts of B. stearothermophilus were transformed as described by Wu and Welker (58) , and transformation of E. coli was accomplished by the procedure described by Perbal (40) . Competent B. subtilis cells were prepared as described by Bott and Wilson (2) , and transformation was as described by Sullivan (46) . Plasmid DNAs were digested with the appropriate restriction enzymes, and DNA fragments were resolved and recovered from low-melting-temperature agarose gels as described by Sambrook et al. (46) . Labeled DNA fragments, plasmid DNA, and oligonucleotides were purified by precipitation with ethanol as described by Sambrook et al. (46) . DNA fragments and plasmid DNA were labeled with [_y-32P]dATP by nick translation (46) . Protein electrophoresis. Two-dimensional gel electrophoresis was carried out as described previously (59) , and one-dimensional sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was carried as described by Laemmli and Favre (25) . To identify proteins and molecular weight protein standards separated by SDS-polyacrylamnide gel electrophoresis, the gels or a vertical segment of a gel were stained with Coomassie brilliant blue as described by Sambrook et al. (46) Sequencing reactions were performed with the T7 DNA polymerase sequencing system (Promega). The DNA was sequenced in both strands by the strategy of Henikoff (15) . Plasmids-pH2-E2.0 and pH2-C2.5 were digested with SphI and XhoI to generate the appropriate 3' and 5' overhangs. The plasmids were sequentially digested with exonuclease III and S1 nuclease to generate a nested series of overlapping clones with deletions. The start points of the deletions were separated, on the average, by about 200 bp. The fragments were ligated with T4 ligase, and the deletion plasmids were amplified in E. coli and purified.
Amino-terminal sequencing. Cells from 1,500 ml of culture were collected by centrifugation, and cellular proteins were isolated as described by Wu and Welker (59) . A cellular protein sample, isolated from 2 x 1010 to 4 x 1010 cells, was loaded onto a preparative SDS-polyacrylamide gel (12 by 14 by 1.5 cm), and the proteins were resolved by one-dimensional electrophoresis. A 2-cm horizontal segment of the gel that contained proteins with molecular masses between 23 and 30 kDa was excised from the gel and macerated in 0.05% SDS as described by Kalkkinen (20) . The gel was removed by centrifugation at 3,000 x g for 10 min followed by filtration through 0.45-p.m-pore-size membrane filters. Filtered protein solutions from eight gels were combined, and the proteins were concentrated and washed with 100 ml of 0.05% SDS by use of an Ultrafiltration cell (Amicon Div., W. G. Grace and Co., Beverly, Mass.) with a PM10 Diaflo ultrafilter. The protein solution was further concentrated by using a Centricon-10 microconcentrator (Amicon). The proteins were precipitated with 3 volumes of cold (-20°C) acetone. The precipitate was collected by centrifugation at 12,000 x g for 20 min and dissolved in isoelectric focusing sample solution (59) . A sample of 35S-labeled cellular proteins (59) was added to the unlabeled cellular protein sample to make identification of protein H2 easier. The proteins were resolved by two-dimensional gel electrophoresis. The proteins were electroblotted onto a polyvinylidene difluoride membrane (Millipore Corp., Bedford, Mass.) by using the procedure described by Matsudaria (29) . The H2 protein Isolation of cat gene insertion mutants. A mutant allele of ORF1 was constructed in vitro by inserting a 1.4-kb DNA fragment that contains the cat gene from pLWO5 into the BalI site of ORF1. The engineered plasmid (pIF711-HcatC2.7) was used to transform protoplasts of B. stearothermophilus NUB3621 to chloramphenicol resistance (ChlD) and tetracycline resistance (Tet). Several Chlr Tetr transformants were purified by single-colony isolations, and the presence of pIF711-HcatC2.7 in each transformant was verified by restriction analyses. A starter culture of NUB 3621 (pIF711-HcatC2.7), grown in LB medium that contained chloramphenicol and tetracycline at 50°C, was diluted to a cell density of approximately 107 CFU/ml, and a sample (0.1 ml) was spread onto the surface of a plate containing LB medium with chloramphenicol (LBC). The plate was incubated overnight at 50°C. The cells from the master plate were velveteen replicated onto a fresh LBC plate, and the plate was incubated for 12 h at 65°C. The growth cycle was repeated nine more times. Cells on the surface of the LBC plate were suspended in 5 ml of LBC medium, washed, and diluted in the same medium. Samples were plated on LBC plates, and the plates were incubated overnight at 50°C. Colonies were transferred to the same medium with sterile toothpicks to form a master plate. After incubation at 50°C, the master plate was replicated onto the appropriate media to score for the tetracycline-sensitive phenotype. Colony hybridization, using labeled pIF711, a 0.9-kb CII-EcoRI fragtnent, and a 1.1-kb EcoRI-ClaI fragment as the probes, was used to verify the absence of plasmid DNA and the configuration of the insert in the Chlr Tets isolates. Approximately 70 to 80% of the Chlr Tet' isolates did not contain vector DNA sequences, and 8 to 12% had the cat gene inserted into ORF1 by a double-crossover recombination event.
Glutamine transport assays. The transport of glutamine was measured by using a modification of the procedure described by Masters and Hong (28) . Exponential-phase cells grown in MGCA medium at 45 and 65°C were collected by centrifugation at 2,000 x g for 5 min at room temperature. The cells were washed three times with nitrogen-free MG medium and suspended to a cell density of 1 x 109 to 2 x 109 CFU/ml in the same medium that contained 20 p. L-glutamine or -y-L-glutamylhydrazide (y-GH; 100 ,ug/ml) (ICN Biomedicals), 20 K.g of L-histidine per ml, or 40 ,ug of L-arginine per ml. Excess liquid was removed, and the disks were dried in a forced-air incubator at 50 to 60°C.
Computer analysis of DNA sequences. DNA sequence analysis was performed by using the University of Wisconsin Genetics Computing Group DNA Analysis program, and sequences were compared by using the TFastA program (39) with the most recent version of the DNA and protein data bases and the Stem-Loop program to find inverted repeats within a sequence.
Nucleotide sequence accession number. The ORF1-ORF2 (glnQH) sequence was submitted to the Genetic Sequence Data Bank (GenBank) and was assigned the accession number M61017.
RESULTS
Cloning and nucleotide sequence of the gene encoding protein 12. The strategy for identifying the B. stearothermophilus gene encoding the H2 protein was to use as a hybridization probe a synthetic oligonucleotide designed on the basis of a portion of the NH2-terminal sequence of the H2 protein. Concentrated protein H2 was transferred from two-dimensional gels to polyvinylidene difluoride membranes, and 22 residues of amino acid sequence from the NH2 terminus were obtained as described in Materials and Methods (parentheses indicate positions at which amino acid assignments were uncertain): Met Ile Tyr Phe (His) Gln Val Asn Lys Tyr Tyr Gly Asp Phe (His) Val Leu Ile Asp Ile Asn Leu.
A mixture of oligonucleotides, each 26 bases long, was synthesized from the amino acid sequence at positions 6 to 14. That the positions have more than one possible base reflects the degeneracy of the code (Fig. 1 Fig. 3 . The 2.0-kb EcoRI and 2.5-kb ClaI fragments both contained a 1.1-kb EcoRI-ClaI segment that hybridized with the oligonucleotide probe.
The sequencing strategy is shown in Fig. 3 . The nucleotide sequence of 2.23 kb of DNA was determined as described in Materials and Methods and is shown in Fig. 4 .
Features of the coding region. The region sequenced contained two open reading frames (ORF) (Fig. 3 and 4) (Fig. 4) . The position of the extended primer is indicated by an arrowhead.
The sequence of the region 339 bp upstream from the UUG start codon of ORF1 was determined. Three UAA stop codons are located at positions -107, -124, and -133. In vitro transcription-translation experiments, to be described later, revealed that a third ORF is located upstream of ORF1. Thus, one of the stop codons may be the termination of this ORF.
Features of the noncoding regions. Probable ribosomebinding sites are 9 and 7 bp upstream from the start codons of ORF1 and ORF2, respectively. These sites, consisting of 8 (ORF1) or 9 (ORF2) nucleotides complementary to the 3' end of B. stearothermophilus 16S rRNA (9) , have predicted AG0 of -19 and -21.2 kcal/mol (1 cal = 4.164 J), respectively (54) . Strong complementarity between the mRNA and the 16S rRNA was in the range (-14 to -22 kcal/mol) reported for genes of mesophilic bacilli (12) . Duplex stabilities, calculated by use of the improved free-energy parameters described by Freier et al. (11) , were -13.3 and -15.4 kcal/mol for the ribosome-binding sites of ORF1 and ORF2, respectively.
Primer extension analyses were used to identify the transcription start site for ORF1 and ORF2. Total RNA, isolated from cultures of B. stearothermophilus grown in MGCA medium at 45 and 65°C, was hybridized with the 32P-labeled oligonucleotide that was complementary to the sequences encoding the amino acid sequence at positions 1 through 8 of ORF1. A single transcription start site was mapped at the position of a guanine (Fig. 5 ) that is 38 bp upstream from the translation start site of ORF1 (Fig. 4) . Examination of the DNA sequence upstream from this site revealed the -35 hybridization mixture with total RNA isolated from cells grown at 45°C.
A 16-bp-long palindrome, hyphenated by 3 bp and located 78 bp downstream from the UAA stop codon of ORF2, could act as a transcription terminator (44) .
Transcription of ORF1 and ORF2. RNA isolated from cells of B. stearothermophilus grown in MG, MGCA, or LB medium at low and high temperatures was fractionated on a denaturing agarose gel and probed with the 1.1-kb EcoRIClaI fragment that contains all of ORF1 and part of ORF2 (Fig. 6) or the 0.9-kb ClaI-EcoRI fragment that contains only part of ORF2 (data not shown). A single 1.7-kb RNA species was detected in RNA isolated from cells grown in MGCA and LB media at 65C but not in RNA from cells grown at 45°C (Fig. 6) . The size of the mRNA transcript is about the size of the mRNA expected if ORF1 and ORF2 are transcribed as a polycistronic message, beginning at the transcription start site and ending at the potential transcription terminator (1.7 kb). A 1.1-kb RNA species was detected in the same RNA samples when they were probed with the 1.2-kb ClaI-HindIII fragment that contains the probable ORF upstream from ORF1 (data not shown). The 1.1-kb RNA species was detected in cells grown in MG, MGCA, and LB media at 45 and 65°C. These results indicate that temperature and the composition of the medium do not affect the transcription of this ORF. Thus, this ORF serves as a convenient internal control for the Northern (RNA) analyses shown in Fig. 6 . These results, along with those obtained with primer extension experiments, indicate that ORF1 and ORF2 constitute an operon that is transcriptionally activated in a nitrogen-rich medium at high temperature and inhibited under the same conditions at low temperature. The 1.7-kb mRNA species was detected in RNA isolated from cells grown in MG medium at 45 and 65°C. However, the amount of the 1.7-kb mRNA detected at 45°C was less than the amount detected at 65°C. The significance of these results will be discussed below.
In vitro transcription-translation analyses of the gene products of ORF1 and ORF2. In vitro DNA-directed protein synthesis experiments were carried out using the plasmids pH2-C2.5, pH2-HCl.3, and pH2-E2.0. The proteins were resolved by one-dimensional SDS-polyacrylamide gel electrophoresis. The results are shown in Fig. 7 (59) . Cellular proteins were separated into membrane and cytosol fractions (59) . The 35S-labeled proteins, isolated from cells (lanes 1 to 4) and from transcription-translation reaction mixtures (lanes 5 to 9), were resolved by one-dimensional SDS-polyacrylamide gel electrophoresis, and the gel was subjected to fluorography and autoradiography. A 32-kDa protein (position A) and protein H2 (position D) were detected when the 2.5-kb ClaI fragment (contains ORFi and the probable ORF upstream from ORF1) was used as the template (lane 7). We were not able to locate the 32-kDa protein in the cytosol fraction (lane 3) or in the membrane fraction (lane 4). However, two-dimensional gel electrophoresis revealed that the 32-kDa protein synthesized in the in vitro system comigrated with a protein present in the cytosol fraction of an in vivo-35S-labeled protein fraction of cells grown at 45 and 65°C. These results along with those obtained with Northern analyses indicate that the ORF that encodes the 32-kDa protein is transcribed at low and high temperatures.
The combined results indicate that ORFi and ORF2 are transcribed as a polycistronic message and thus constitute an operon. ORFi encodes protein H2, and ORF2 encodes a protein that we designate HX.
Nature of the ORF1 and ORF2 gene products. The most recent GenBank and GenEMBL data bases were searched for sequence similarities between the H2 and HX proteins and other protein sequences. The H2 protein exhibited significant identity to the Q protein of the E. coli glnHPQ operon (58% identity in a 239-amino-acid overlap) and to the P protein of the hisJQMP operon of E. coli and Salmonella typhimurium (52% identity in a 248-amino-acid overlap). If conservative substitutions are allowed, the similarity increases to 84 to 87% in this alignment. The HX protein exhibited some identity to the H protein of the E. coli glnHPQ operon (28% identity in a 198-amino-acid overlap), the J protein of the S. typhimurium hisJQMP operon (27% identity in a 215-amino-acid overlap), and the lysine-arginine-ornithine-binding protein encoded by the S. typhimurium argT gene (29% identity in a 154-amino-acid overlap). Conservative substitutions increase the similarity to 73 to 84%.
In enteric bacteria, the H protein is a periplasmic glutamine-binding protein and the Q protein is a membranebound protein. Both are essential for glutamine transport (glnHPQ operon) (35) . Periplasmic binding proteins J (hisJ) and LAO (argT) are involved in histidine transport (17) and lysine-arginine-ornithine transport, respectively, and both proteins interact with the membrane-bound P protein encoded by hisP (16) . Thus, the H2 protein and the HX protein may have similar functions in B. stearothermophilus, as do the Q and H proteins of the glutamine permease operon, the P and J proteins of the histidine permease operon, and the P protein of the histidine permease operon and the LAO protein active in arginine transport in enteric bacteria. The periplasmic glutamine-binding (protein H) and histidinebinding (protein J) proteins contain an NH2-terminal 22- amino-acid leader peptide that is removed by the signal peptidase during transport into the periplasmic space (17, 35) . The HX protein contains a characteristic NH2-terminal 25-amino-acid signal peptide ( Fig. 4 ; several positively charged amino acid residues followed by a hydrophobic amino acid core and a COOH-terminal alanine [45] ) that may be removed during transport to the exterior side of the membrane. Thus, a processed HX protein would be composed of 237 amino acids giving a molecular mass of approximately 26 kDa. However, a 26-kDa protein was not detected in an in vivo-35S-labeled cellular protein sample isolated from cells grown at 65°C that was analyzed by two-dimensional gel electrophoresis (59) . The predicted pl for a processed HX protein would be approximately 8.6. Since standard two-dimensional gel electrophoresis does not resolve basic proteins (36) , the basic proteins in a 35S-labeled cellular protein sample isolated from cells grown at 45 and 65°C were resolved by using two-dimensional nonequilibrium pH gradient electrophoresis (37) . A visual comparison of the two autoradiograms revealed a 26-kDa protein spot in cells grown at 65°C but not in cells grown at 45°C (data not shown). The results of these studies indicate that the signal peptide of the 29-to 30-kDa HX protein is removed in vivo during transport across the membrane.
To determine whether proteins H2 and HX are active in amino acid transport, the ability of prototrophic strain NUB3621 to utilize glutamine, histidine, or arginine as a sole nitrogen source was determined. Cells of cultures grown in MGCA medium were collected by centrifugation, washed once, and suspended in nitrogen-free MG medium. A sample was spread over the surface of a nitrogen-free MG plate. After being dried, filter paper disks that contained glutamine, histidine, or arginine were placed on the surface of the seeded plate. The plates were incubated for 48 h at 45 or 65°C. Growth was detected around the glutamine disk at 65°C but not at 45°C. Growth was detected around the histidine disk at 45 and 65°C, and no growth was detected around the arginine disk at either temperature. Parental strain NUB3621 did not respond to any of the other amino acids tested in a manner identical to that observed with glutamine. Thus, the utilization of glutamine as a sole nitrogen source and the transcription of the ORF1-ORF2 operon occur at 65°C but not at 45°C.
In enteric bacteria, transcription of the glnHPQ operon is activated by nitrogen-limiting conditions (24, 57) . When B. stearothermophilus was grown in a nitrogen-rich medium, transcription of the ORF1-ORF2 operon was inhibited at 45°C and activated at 65°C. To determine whether cells grown in a nitrogen-rich medium at high temperature were actually starved for nitrogen, RNA was isolated from cells grown in MGCA medium supplemented with 100 p,g of glutamine per ml or in MG medium supplemented with 1% Bacto-Casamino Acids. A single 1.7-kb ORF1-ORF2 transcript was detected in the RNAs of cells grown in supplemented media at 65°C (data not shown). These results indicate that the transcription of the ORF1-ORF2 operon was not inhibited under conditions of nitrogen and glutamine excess at high temperature.
Interruption of ORF1. To demonstrate that the ORFl-ORF2 operon is active in glutamine transport, we isolated a mutant (NUB36500) in which ORF1 was interrupted with a DNA segment that contained the cat gene. To confirm that the cat gene was inserted by a double-crossover recombination event into the ORF1 coding region in mutant strain NUB36500, the chromosomal DNA of this strain was cleaved with EcoRI, Hindlll, and ClaI. The DNA fragments were separated by agarose gel electrophoresis, and Southern blot hybridizations were performed with the 0.9-kb ClaIEcoRI fragment (contains 0.5 kb of ORF2) as a probe. The results are shown in Fig. 8 . The probe hybridized to a 2.1-kb HindIll fragment in parental strain NUB3621 (lane 1) and to a 3.6-kb HindlIl fragment in NUB36500 (lane 2). The probe hybridized to a 2.0-kb EcoRI fragment in the parental strain (lane 3) and to a 1.6-kb fragment in NUB36500 (lane 4). These latter results were expected, since a new EcoRI site had been introduced on each side of the DNA fragment that contains the cat gene. After digestion with HindlIl and EcoRI, the probe hybridized to a 1.9-kb fragment in the parental strain (lane 5) and to a 1.4-kb fragment in NUB36500 (lane 6). The probe hybridized to a 0.9-kb fragment (lanes 7 and 8) and a 0.8-kb fragment (lanes 9 and 10) in both the parental strain and NUB36500 when their DNAs were digested with EcoRI and ClaI and with HindlIl and ClaI, respectively. These hybridization analyses confirmed that the DNA fragment containing the cat gene had inserted into the BalI site of ORF1 in the chromosome. Strain NUB36500, which contains the cat gene inserted into ORF1, did not utilize L-glutamine as a sole nitrogen source and was resistant to the toxic glutamine analog y-GH (28) at 65°C, whereas the parental strain utilized L-glutamine and was sensitive to -y-GH under the same conditions ( Table  2 ). As expected, the parental strain did not utilize L-glUtamine as a sole nitrogen source at 45°C. The parental strain in media that contained alternative sources of nitrogen at 65°C was resistant to -y-GH. The parental strain grown in MG medium at 65°C was sensitive to y-GH, whereas NUB36500 was resistant to y-GH under the same conditions. Finally, the sensitivity of the parental strain to -y-GH was significantly decreased when 50 pug of L-glutamine per ml was added to MG medium. These A filter paper disk containing y-GH was placed on the surface of the plates. A filter paper disk containing L-glutamine was placed adjacent to the disk containing -y-GH. The plates were incubated as described in footnote b.
Growth around the y-GH disk was scored as resistance (R; no zone of growth inhibition), sensitive (S; 10-to 15-mm zone of growth inhibition), or slightly sensitive (SS; 0.3-to 0.5-mm zone of growth inhibition).
d _, L-Glutamine was not utilized as a nitrogen source.
To verify that ORF1-ORF2 plays a direct role in glutamine transport, the active transport of glutamine in the parental and mutant strains was measured. The results are shown in Table 3 . Strain NUB36500 was defective in the transport of glutamine. Cells of the parental strain grown at 65°C efficiently transported glutamine at 45 and 65°C. However, cells of the parental strain grown at 45°C did not transport glutamine at 45 or 65°C. The combined results indicate that the ORF1-ORF2 operon encodes a glutamine transport system.
To determine the role of glnQH in the physiology of growth at high temperature, mutant strain NUB36500 was subjected to temperature shifts from 45 to 65°C and from 65 to 45°C (59) . After a temperature shift-up, the lag period before exponential growth at 65°C was 2.0 to 2.5 times longer than the lag period observed with the parental strain (56). In a temperature shift-down experiment, the mutant responded in the same manner as the parental strain under the same conditions. Cultures of mutant strain NUB36500 grown in LB medium at 65°C exhibited a final cell density of 7 x 109 to 9 x 10' CFU/ml. A culture of the parental strain grown under the same conditions exhibited a cell density of 2 x 108 to 4 x 108 CFU/ml. The mutant strain and the parental strain grown in LB medium at 45°C exhibited final cell densities of 7 x 108 to 9 x 108 CFU/ml. The rate of growth of the mutant (32) was used to search the E. coli promoter file provided with the program for the occurrence of sites with a sequence and spacing similar to those of the glnQH promoter. A relatively low similarity score (30.8%) indicates that the glnQH promoter has a poor homology to the consensus promoter sequence of E. coli.
A consensus promoter sequence, deduced from the nucleotide sequences of the promoters of nine different genes from B. stearothermophilus (1, 18, 21-23, 26, 33, 52, 53) , is TTGACt/c-17 to 20 bp-TATTa/cT. The highly conserved positions (occurring in more than 75% of the cases) are indicated by boldface capital letters, well-conserved positions (occurring in 50 to 75% of the cases) are indicated by capital letters, and weakly conserved positions (occurring in less than 50% of the cases) are indicated by lowercase letters. A diagonal line indicates that the position can contain either residue in 50% of the cases. The glnQH promoter sequence has a 2-of 6-bp match at the -35 region and a 4-of 6-bp match at the -10 region of the consensus promoter sequence. In conclusion, the glnQH promoter has a low degree of homology with the consensus promoter sequences of other prokaryote genes. Perhaps a unique form of RNA polymerase holoenzyme of B. stearothermophilus would recognize the glnQH promoter.
Enteric bacteria respond to nitrogen deprivation by in-creasing the expression of a number of operons that function in the utilization of ammonia and alternative sources of nitrogen (27) GTGC. The E. coli glnHPQ operon has two different types of promoter in the 5'-flanking region of glnH (34) . The upstream and downstream promoters have a sequence that is similar to the consensus promoter sequence of other E. coli genes. The downstream promoter also has identity to Ntr promoters. This promoter (CTGGCACG [N4] TTTCA) has a 12-of 13-bp match with the consensus Ntr promoter that is 11 bp from the transcription start site. The upstream promoter plays a role in the constitutive expression of the glnHPQ operon, and the downstream promoter plays a role in the inducible expression of the glnHPQ operon under glutamine-deprived, nitrogen-limiting conditions. The sequence of the NR,-binding site, located 115 bp upstream from the glnH transcription start site, is identical to the consensus NRI sequence. Promoters of other Ntr genes generally lack the -35 and -10 regions characteristic of genes of enteric bacteria (27) .
In a nitrogen-poor medium (MG medium), transcription of the glnQH operon of B. stearothermophilus is partially activated at low temperature. These results suggest that the glnQH operon is driven by a weak Ntr promoter. The glnQH operon of B. stearothermophilus has one promoter, but the -10 region (positions -11 to -27) contains the sequence CTGTAGTT [N4] TTTlAC, which has a 6-of 13-bp match with the consensus Ntr promoter. This sequence is located 10 bp upstream from the transcription start site. This sequence does not contain the elements GG-10 bp-GC, which are the most conserved in Ntr promoters (27) . In addition, the region from positions -246 to -236 (GCTA [N5] TG GCCT) has a 5-of 10-bp match with the consensus NR,-binding site that is 231 bp upstream from the transcription start site.
The glutamine transport systems of E. coli (57) and S. typhimurium (24) are regulated by nitrogen availability. Transcription of the glnHPQ operon is activated in cultures grown in a nitrogen-poor medium and inhibited in cultures grown in a nitrogen-rich medium. In contrast, transcription of the glnQH operon of B. stearothermophilus was activated in a nitrogen-rich medium at high temperature and inhibited under the same conditions at low temperature. This indicates that the glnQH operon is transcriptionally regulated by temperature. However, since the glnQH promoter contains a sequence that has a low degree of homology with the consensus Ntr promoter of enteric bacteria, the operon may be weakly driven from this promoter under conditions of nutrient depletion and low temperature. Specific nutrients may act as activators or inhibitors of the transcription of the glnQH operon, and the levels of these nutrients may change with changes in temperature.
The regulation of the glutamine transport system of bacilli may be very different from the regulatory scheme reported for enteric bacteria (24, 57) . Although there are no published studies on the glutamine transport system of B. subtilis, the regulation of nitrogen metabolism in this organism (48) differs from that reported for enteric bacteria (41) .
Studies are now under way to investigate the regulation of expression from the glnQH promoter and the relationship between the inability to transport glutamine, the modified thermoadaptation response, and the increased cell yield exhibited by the mutant strain at high temperature.
